Abstract: The purpose of this study was to design a novel hybrid membrane with optimized properties for guided bone regeneration (GBR). Both the top and bottom layers of the sandwich-structured membrane were composed of collagen containing 20 wt% hydroxyapatite (HA), while the middle layer was made of chitosan. The above three layers were formulated into an integral membrane from their respective slurries through a layer-by-layer filtration process. The phase and composition of the membrane were confirmed by FT-IR and XRD analyses. The observation of its morphology by SEM showed that the membrane had a porous structure and structural integrity. The chitosan layer ensured the high tensile strength and elastic modulus of the membrane, while the presence of the collagen/HA composite layers endowed it with good flexibility and bioactivity. These results suggest that the integrated membrane prepared in this study would have the potential for use as a GBR material. '
INTRODUCTION
Bone healing is an important phenomenon in the clinical field, and one which requires ideal materials and techniques to accomplish. Guided bone regeneration (GBR) has recently evolved into one of the most attractive techniques for bone healing due to its simplicity and effectiveness. 1, 2 In the GBR technique, a membrane is used as a physical barrier to create a secluded space around the bone defects by preventing the invasion of the fibrous connective tissue into the defect space, thus allowing the missing bone tissues to be regenerated. As regards the GBR membranes, they are expected to satisfy the following general requirements: good biocompatibility and biodegradability, suitable adhesiveness between the membrane and surrounding bone tissues to prevent the movement of the membrane, high flexibility to provide surgical facility, and sufficient mechanical strength to maintain their barrier function long enough for bone regeneration. [3] [4] [5] In addition, a further improvement in the GBR technique can be achieved by using a bioactive membrane capable of accelerating bone formation. 6 Many researchers have studied GBR treatment and attempted to find suitable materials for it. [7] [8] [9] Although various non-biodegradable materials such as expanded polytetrafluoroethylene (e-PTFE) have been widely used as GBR membranes, they must be removed by a secondary operation after bone generation, due to their bioinert properties. 10 Comparatively, resorbable polymers are more advantageous, since they lighten the burden on the patients by avoiding the need for a second surgical intervention. Degradable natural biopolymers are recognized as particularly promising GBR membrane materials, among which collagen-and chitosan-based membranes have attracted considerable attention due to their excellent cell affinity, biodegradability and biocompatibility. 11, 12 In our recent work, collagen and chitosan membranes, along with their respective composites with different contents of hydroxyapatite (HA), were successfully prepared by a newly developed dynamic filtration technique. 13, 14 Collagen/HA composite membranes are known to have similar composition and structure to those of natural bone with excellent biocompatibility and osteoconductivity. However, in spite of the good clinical results which have been obtained with collagen-based membranes, some practical problems are still associated with them, such as poor mechanical strength, fast degradation, and high cost. 15 Regarding the pure chitosan membranes, they are relatively inexpensive and show much higher mechanical strength compared to the collagen membranes. However, they have lower bioactivity and higher brittleness when compared to the collagen. Their brittleness makes them difficult to deal with in surgery and may bring about the dehiscence of the soft tissues with the resulting exposure of the membrane, thus limiting their clinical applications. Given the above-mentioned problems associated with collagen and chitosan, it is natural to conclude that these two kinds of biopolymers would effectively offset each other's demerits if they were successfully integrated into a new three-layered membrane consisting of collagen/HA-chitosan-collagen/HA with a sandwich structure. Such composite membranes would be expected to have an acceptable cost, good flexibility and mechanical properties and high bioactivity. Moreover, the ability of the chitosan component to effectively buffer the acidic degradation products of collagen would constitute an important new advantage of such integrated membranes. 16 In this study, collagen/HA composites were successfully integrated with chitosan to form porous and sandwichstructured GBR membranes using a layer-by-layer filtration method. The composition, morphology, and mechanical properties of the membranes were investigated. Finally, the osteoblast-like cell behaviors on the integrated membranes were observed to confirm the improvement in their bioactivity.
MATERIALS AND METHODS

Materials
Acid-soluble collagen sponges derived from calf skin (Type I, MW 300,000) and chitosan powders with a degree of deacetylation of 75-85% (MW 200,000) were purchased from Elastin Products Company, Inc. (USA) and SigmaAldrich (USA), respectively. They were used as received, without any further purification. The other two starting materials, Ca(OH) 2 and H 3 PO 4 , and all other reagents used in the present study were of analytical grade and acquired from Sigma-Aldrich (USA).
Membrane Preparation
A wet chemical method and a layer-by-layer filtration process were combined to prepare the three-layered membranes. Firstly, collagen/HA composites were synthesized by a co-precipitation method, as described in our previous paper. 13 The type I collagen sponges were completely dissolved in 1 wt% acetic acid and then mixed with dilute H 3 PO 4 solution (59.7 mM). Simultaneously and separately, the collagen/H 3 PO 4 mixture and a stoichiometric amount of Ca(OH) 2 aqueous solution were titrated into a reaction vessel containing Tris-HCl buffer solution at 378C and pH 9. During the titration process, the pH was maintained at 9 using HCl and NH 3 ÁH 2 O solutions. The reaction was allowed to proceed at 378C for 24 h, after which the coprecipitated products were washed several times with distilled water, re-suspended in a suitable amount of water, and then divided into two portions for later use.
Homogeneous chitosan slurries were prepared under the same reaction conditions. A predetermined amount of chitosan powder was dissolved in 1 wt% acetic acid and filtered to obtain a transparent solution. Then, this solution was added dropwise in the Tris-HCl buffer solution, followed by stirring at 378C for 2 h. After centrifuging and washing several times, the slurries were re-dispersed in 30 mL of distilled water.
For the preparation of the three-layered membranes, one portion of the suspension of collagen/HA composites was first allowed to settle down by the filtration process to produce their bottom layer. Subsequently, the re-suspended chitosan slurries were carefully transferred onto this bottom layer and allowed to spread well on the surface, followed by a second filtration step. After the second portion of the suspension of collagen/HA composite was transferred onto the chitosan layer, we filtered the three-layered membrane so as to make it as dry as possible. During the process of transferring the suspension, special care was taken to avoid damaging the previous layer. The obtained gel-like cake was freeze-dried for 12 h, and then cross-linked in 90% ethanol containing 100 mM N-(3-Dimethylaminopropyl)-N 0 -ethylcarbodiimide (EDC) hydrochloride and 25 mM Nhydroxysuccinimide (NHS) solutions for 24 h at 48C. The cross-linked membranes were washed sufficiently with distilled water and freeze-dried at 2608C under a vacuum. Single-layered membranes of both collagen/HA composites and chitosan were also prepared and used as controls. The compositions of the three types of membranes are listed in Table I .
Characterization
The freeze-dried collagen/HA composite and chitosan slurries were analyzed by Fourier-transform infrared spectroscopy (FTIR; Nicolet Magna 550 series II, USA) over the wavelength range of 4000-500 cm 21 . The phases of the different types of membranes (1 cm 3 1 cm) were investigated by X-ray diffraction (XRD; M18XHF-SRA, Japan) using Cu Ka radiation with a scan speed of 18 min 21 . The surface and cross-sectional morphologies of the three-layered membranes were characterized by field-emission scanning electron spectroscopy (FE-SEM; JSM6330F, Japan) with an accelerating voltage of 10 kV.
Mechanical Properties
Before the mechanical testing, the membranes were warmpressed at 378C to make them uniform in thickness, and then cut into regular rectangular shapes with a gauge length of 20 mm. The exact thickness of each specimen was assessed using a micrometer. Their mechanical properties, including their tensile strength, elastic modulus, and strain at failure, were measured by a universal testing instrument (Instron 5565, USA) at a cross-head speed of 1 mm min 21 . Filter paper was used to prevent the slipping of the specimen at the grips during the tests. More than five specimens were tested for each condition.
Degradation Tests
The degradation behavior of the membranes was evaluated by assessing the resistance of their surface layers to the collagenase medium. Briefly, the membranes with a weight of $2 mg were incubated in 1 mL of phosphate buffered saline (PBS, pH 7.4) containing 300 U of type I collagenase at 378C for 24 h, followed by a centrifugation at 1500 rpm for 10 min. Subsequently, the supernatant was hydrolyzed with 6M HCl at 1108C for 24 h. The amount of hydroxyproline released from the collagen molecules in the membranes was determined spectrophotometrically at 560 nm using the conventional ELISA assay, 13 and the biodegradation degree of the membranes was expressed as the weight percentage of the degraded collagen component to both the total membranes and the theoretical amount of the collagen. The results are represented as mean 6 standard deviation (SD) for three replicates (n 5 3).
In vitro Cellular Assessments
A murine-derived pre-osteoblast cell line (MC3T3-E1; ATCC, CRL-2593; USA) was used to examine the cellular responses to the membranes. The cells were cultured in a humidified incubator with 5% CO 2 at 378C. The culture medium consisted of a-modified minimum essential medium (a-MEM, Welgene Co., Ltd., Korea) supplemented with 10% fetal bovine serum (FBS; GIBCO, USA), 2 mM L-glutamine (GIBCO, USA), 50 IU mL 21 of penicillin (GIBCO, USA), and 50 lg mL 21 of streptomycin (GIBCO, USA).
The proliferation tests were performed on the membranes with dimensions of 1 cm 3 1 cm. The membranes were placed in 24-well plates, and the cells were subsequently seeded on each membrane at a density of 3 3 10 4 cells mL 21 . After incubation for 3 days, the cell proliferation level was measured using an MTS assay, as described previously. 13 The level of cell differentiation was assessed by measuring the alkaline phosphatase (ALP) activity of the cells cultured on the membranes. Briefly, cells with a density of 5 3 10 4 mL 21 were seeded on the membranes (2 cm 3 2 cm in size) in 6-well plates, and cultured for up to 14 days. Then, the ALP activity was determined using p-nitrophenyl phosphate as the substrate. The colorimetric measurement of the samples was performed on a spectrophotometer at 405 nm, and the absorbance was converted to the ALP level based on a protein standard curve.
Statistical Analysis
For the assessment of the cell proliferation and differentiation, three replicate tests were carried out on each type of membrane (n 5 3). Data were expressed as mean 6 SD. The differences between the groups were statistically analyzed using a two-tailed, paired Student's t-test, and a p value \0.05 was defined as a significant difference.
RESULTS
The phase compositions of the membranes were confirmed by XRD and FT-IR analyses. As shown in Figure 1 , the XRD pattern of the chitosan membranes consisted of two major crystalline peaks at around 108 and 208, which are in agreement with the reported results. 17 The apatite peaks at around 328, as well as the broad peaks characteristic of collagen centered at about 88 and 208, were detected by the XRD analysis of the collagen/HA composite membranes. However, the extensive broadening and overlap of the diffraction reflections of the apatite phases indicated the low crystallinity and the ultrafine size of the crystals. Most of the above diffraction peaks were found in the XRD pattern of the three-layered membranes due to their integrated components of chitosan and collagen/HA composites. Figure 2 shows the wide scan IR spectra for the chitosan and collagen/HA composite layers in the integrated membranes. A broad band at around 3298 cm 21 (OÀ ÀH and NÀ ÀH stretching) and a weak one at 2880 cm 21 (CÀ ÀH stretching) were observed in the spectrum of chitosan. 18 Moreover, the spectrum displayed an absorption band centered at 1659 cm 21 for the amide I (C¼ ¼O stretching) and a shoulder at 1595 cm 21 for the amide II (NÀ ÀH deformation). 19 The band arising from the CÀ ÀCH 3 symmetric deformation was located at around 1376 cm
21
. 20 The other three characteristic bands of the saccharide structure at 1153, 1080, and 1031 cm 21 were assigned to the CÀ ÀO stretching mode in chitosan. 21 In the FT-IR spectrum of -derived bands at 874 cm 21 and around 1420-1480 cm 21 indicated the incorporation of CO 3 22 into the apatite lattice, as in the case of the mineral phase present in natural bone. 24 From the above results, it was inferred that a poorly crystallized apatite phase with some carbonate incorporation was formed within the collagen matrix.
The morphologies of the three-layered membranes are illustrated in Figure 3 . Their surface layers consisted of collagen/HA composites, wherein apatite nanoparticles with an approximate size of 3 nm 3 30-50 nm were well precipitated within the collagen matrix, as presented in our previous article. 13 It was observed in Figure 3 (a) that the surface layer was rough and contained some pores with a diameter of about 80 lm. The presence of these pores would be favorable for the strong adhesion of the membranes to the surrounding bone tissue and the fast ingrowth of new bone into the pores, eventually resulting in enhanced bone regeneration. 25, 26 As shown in Figure 3(b) , the cross-section of the membranes also exhibited a highly porous structure with a pore size ranging from tens to hundreds of micrometers. These pores showed a lamella structure aligned in the lateral direction.
The degradation of the three-layered membranes was considered to be mainly attributable to the loss of the collagen component in the surface layers. An in vitro collagenase biodegradation test was therefore performed to evaluate the degradation behavior of the membranes. The results revealed that the degrees of collagen degradation were (25.7 6 1.2)% and (70.7 6 3.3)% in terms of the total weight of the membranes and the theoretical amount of collagen existing in the initial membranes, respectively.
To investigate their mechanical properties, the collagen/ HA composites, chitosan, and their integrated membranes with a thickness range of 200-350 lm were tested under tensile loading. Figure 4 shows the typical stress-strain curves for each type of membrane. Generally, all of these membranes displayed similar stress-strain behavior to that of natural bone: the stress increased linearly with respect to the strain during the initial testing period, then a reduction in the slope of the stress-strain curve was observed, followed by sudden failure at high strain. 27 Compared with the collagen/HA composite membranes, the three-layered membranes exhibited higher strength and elastic modulus but a lower strain at failure.
The mechanical properties of the membranes including their tensile strength, elastic modulus, and strain at failure, are summarized in Table II . The results showed that, when chitosan was introduced into the collagen/HA composites as an interlayer, the tensile strength and elastic modulus of the resulting integrated membranes increased by $ two and three times, respectively, compared to those of the collagen/HA composite membrane. On the other hand, when comparing the three-layered membranes and pure chitosan membranes, we found an increase in strain at failure, in spite of the decrease in their tensile strength and elastic modulus. This suggested that the presence of the collagen/ HA composites as two surface layers endowed the membranes with better flexibility than the chitosan membranes, thus facilitating their manipulation in surgical applications.
Bioactivity of a material has been defined as its ability to perform with an appropriate host response in a specific application. 28 In this study, the proliferation and differentiation of the MC3T3-E1 cells were investigated to assess the bioactivity of the three-layered membranes. The cell viability on the membranes after culturing for 3 days was quantified using an MTS assay. As shown in Figure 5 , the cells on the three-layered membranes proliferated to significantly higher degrees than those on the pure chitosan membranes, which signified that the collagen/HA composites used as the surface layers of the three-layered membranes were more favorable for the growth of MC3T3-E1 cells than the chitosan membranes. In other words, the bioactivity of the chitosan membranes was greatly improved. As expected, there was no significant difference in the cell growth level between the three-layered membranes and the collagen/HA composite membranes, because they both provided the surface with the same ingredients to support cell growth.
Among the various biological functions of osteoblasts, their ALP expression level is an important indicator determining the activity of the cells on a scaffold. 29 To evaluate the bone forming ability of the cells grown on the different types of membranes, we measured the ALP activity expressed by the cells. It was observed from Figure 6 that the cells on the three-layered membranes expressed a significantly higher ALP level than those on the pure chitosan membranes (p \ 0.05), but a similar level to those on the collagen/HA composite membranes (p [ 0.05). Since the collagen/HA composite membranes had much higher bioactivity than the chitosan membranes, as shown in Figure 6 , it can be inferred that the collagen/HA composites used as the coating layers in the three-layered membranes played a positive role in enhancing the osteoblastic cell activity of the pure chitosan membranes.
DISCUSSION
In the present study, the three-layered membranes with a porous structure and good structural integrity were successfully fabricated by the newly developed layer-by-layer filtration technique. The lamella structure of the pores aligned in the lateral direction of the three-layered membranes, as shown in Figure 3(b) , was probably created by the alternate stacking processes of the collagen/HA composite fibers and chitosan particles during the layer-by-layer filtration process. Undoubtedly, the subsequent freeze- drying step was also attributed to the formation of such a porous structure along the lateral direction. In spite of their porous structure, the membranes exhibited a fairly good degree of integrity between the layers without any serious delamination. Layer delamination is a common interfacial failure phenomenon in multi-layered structures, which mostly arises due to the poor interlayer bonding between the different components. However, the layer-by-layer filtration process presented in this study enabled the collagen/HA composites and chitosan to be tightly bonded with each other so as to form an integral membrane, which would be helpful in ensuring their good performance in clinical applications. In addition, the good structural integrity of the membranes may be also partially attributable to the strong hydrogen bonding among the function groups of the collagen and chitosan macromolecules at the interface of the adjacent layers. 30, 31 In the three-layered membranes consisting of collagen/ HA-chitosan-collagen/HA with a sandwich structure, the chitosan layer acted as a support substrate and shared most of the tensile load during the testing, thus ensuring the high tensile strength and elastic modulus of the membranes, while the collagen/HA layers partially offset the brittleness of the chitosan layer and endowed the membranes with improved flexibility.
After the tensile testing, no obvious cleft between the layers was observed in the three-layered membranes, demonstrating that the good combination of the adjacent layers was achieved through the present method. 32 This result was in good agreement with the SEM analysis. According to the rule of mixture, 33, 34 if the bond between the constituents of a composite material is perfect, the strain in their constituents will be the same when a uniaxial tensile load is applied. In this case, the overall stress and elastic modulus of the resulting composite would be approximately predicted by the Voigt model in Eqs. (1) and (2), based on the mechanical properties and volume fractions of their constituents.
where r, E, and f are the tensile strength, elastic modulus, and volume fraction, respectively; the subscripts 1 and 2 denote the identity of each constituent. If the volume fractions of the collagen/HA composites and chitosan are assumed to be the same as their respective weight fractions in this study, then the calculated stress and elastic modulus of the three-layered membranes obtained from Eqs. (1) and (2) Table II , thus providing a confirmation of the initial assumption that there is good interfacial adhesion between the collagen/HA composite and chitosan layers. The biodegradation test of the three-layered membranes in a collagenase medium indicated that, after acid hydrolysis with 6M HCl for 24 h, about 30 wt% of the total collagen molecules were remained in the surface layer. This may be due to the binding inhibition of the enzyme with the exposed collagen molecules by the complexation between the carboxyl ions of collagen and the calcium ions of HA. 13, 35 Even though the collagen/HA composites in the surface layers were completely degraded during the bone healing process, the relatively thick chitosan layer (54.4 wt% of the total membranes) with a high mechanical strength would be expected to maintain the space beneath the membranes for a further period. Based on the findings described above, it can be concluded that the layer-by-layer filtration technique presented in this study has the advantage of producing porous multilayered hybrid membranes with good structural integrity. Moreover, some of the properties of the three-layered membranes are expected to be controllable by simply changing the proportions of the different components. The micro-sized pores on their surface have the potential to endow the membranes with good adhesion to the surrounding bone tissues by the in-growth of new bone into the membranes. In addition, as GBR materials, the three-layered membranes would be not only capable of maintaining enough space beneath the membranes during the bone healing process due to their high mechanical strength, but also of promoting the proliferation and differentiation of the cultured cells, owing to their good bioactivity. To confirm the practical performance of the three-layered membranes as a GBR material, their further biological assessments are currently under investigation, including their in vivo degradation behavior and bone regeneration rate.
CONCLUSIONS
In this study, a three-layered membrane consisting of collagen/HA and chitosan with a sandwich structure was successfully formulated by a layer-by-layer filtration process. The SEM results showed that both the surface and crosssection of the three-layered membranes exhibited a porous structure with a pore size of tens to hundreds of micrometers. The chitosan layer acted as a support substrate so as to endow the membranes with a high tensile strength and elastic modulus. At the same time, the collagen/HA composites used as the surface layers provided the membranes with improved flexibility and bioactivity as compared to the pure chitosan membranes. The three-layered membrane prepared in this study would be potentially applicable as a GBR material.
